ZnO films doped with different vanadium concentrations are deposited onto glass substrates by dc reactive magnetron sputtering using a zinc target doped with vanadium. The vanadium concentrations are examined by energy dispersive spectroscopy (EDS) and the charge state of vanadium in ZnO thin films is characterized by x-ray photoelectron spectroscopy. The results of x-ray diffraction (XRD) show that all the films have a wurtzite structure and grow mainly in the -axis orientation. The grain size and residual stress in the deposited films are estimated by fitting the XRD results. The optical properties of the films are studied by measuring the transmittance. The optical constants (refractive index and extinction coefficient) and the film thickness are obtained by fitting the transmittance. All the results are discussed in relation with the doping of the vanadium. 78. 20. Ci, 68. 55. −a ZnO crystallizes in a hexagonal wurtzite-type structure with a band gap energy of 3.37 eV, and it could have a promising future in optoelectronics.
PACS: 78. 20 . −e, 78. 20. Ci, 68. 55. −a ZnO crystallizes in a hexagonal wurtzite-type structure with a band gap energy of 3.37 eV, and it could have a promising future in optoelectronics. [1−4] Research on dilute magnetic semiconductors (DMS) is motivated by their potential applications for spintronic devices that allow the control of both the spin and charge of carriers. [5] In dilute magnetic semiconductor (DMS) materials, transition or rare earth metal ions are substituted onto cation sites of the host semiconductors and are coupled with free carriers to introduce ferromagnetism. [6, 7] Sato et al. [8, 9] predicted that ZnO doped with Cr, Fe, Co, V and Ni can obtain ferromagnetism. Recently, some experimental works show that vanadium-doped ZnO can introduce ferromagnetism. [10, 11] However, little work about ferromagnetism has been carried out so far. There have been some reports of ZnO:V films prepared by magnetron sputtering, [12] pulsed laser deposition, [13, 14] ion plating, [15] etc. Among the deposition techniques, the magnetron sputtering technique has some advantages in comparison to the other methods. [16] This technique is quite simple and the required equipment is less expensive, and is considered to be the most favorable deposition method to obtain highly uniform films with high packing density and strong adhesion at a high deposition rate.
In this Letter, we report the influence of vanadium concentration on the structural and the optical properties of the ZnO:V thin films prepared by dc reactive magnetron sputtering with lower concentration. It has been found that the structural and optical properties are strongly dependent on the doping concentration.
ZnO:V thin films were deposited on glass substrates by dc reactive magnetron sputtering using a zinc (99.99%) metal target with some pieces of vanadium. The distance between the target and the substrate was 50 mm. The sputtering chamber was evacuated to a base pressure below 3 × 10 −3 Pa. During sputter deposition, the sputtering current applied to the target was fixed at 0.3 A. The substrate temperature was kept at room temperature. The sputtering gas Ar with purity 99.99% and the reactive gas O 2 with purity 99.99% were introduced to the chamber separately and controlled by standard mass flow controllers. The deposition pressure was 0.9 Pa at a constant oxygen partial pressure 0.3 Pa.
Vanadium concentrations in the ZnO films were detected by energy dispersive spectroscopy (EDS), and x-ray photoelectron spectroscopy (XPS) was employed to characterize the charge state of V ions in the ZnO:V films. The crystal structures of the films were characterized by XRD, using a Cu radiation source ranging from 10 ∘ to 80 ∘ . The surface morphology and cross-section microstructure of the films were observed by a scanning electron microscope (SEM). The transmittance spectra were measured from 300 nm to 2500 nm using a Shimadzu UV-3101PC spectrophotometer. 
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Vanadium concentrations in the ZnO films were detected by EDS measurement. It were found that the doping concentrations of the films are about 0.5, 0.9, 1.3 1.7, 2.1 mol%, respectively.
XPS was used to characterize the charge state of V ions in the ZnO:V films. Figure 1 illustrates the V 2 core-level photoemission spectrum from the films of concentration 2.1 mol%. Therefore, V exists in the V 5+ state in the ZnO:V films for this sample. The peaks near 520 eV and 522 eV are O satellite peaks. XRD patterns of the ZnO:V films with various vanadium concentrations (0, 0.5, 0.9, 1.3, 1.7, 2.1 mol%) are shown in Fig. 2 , and the ZnO:V thin films have a preferred -axis orientation. No extra peaks were detected in the sensitivity of our XRD equipment. As can be seen from the XRD profile, the position of the 002 peak shifts to a smaller angle. We can estimate the parameter of the films from the XRD profiles using the equation
where is the x-ray wavelength (Cu radiation = 1.5406Å), is an integer, is the interatomic spacing, = 2 , and is the diffraction angle. The estimated values for the films are listed in Table 1 . It may be noted from Table 1 that the shifts of peak position with different vanadium concentrations are insignificant for the first three samples. With further increase of vanadium concentration, the peak position shifts to a smaller angle. The substitution in the ZnO wurtzite network should lead to a small increase of the -axis lattice constant, in agreement with the variation observed in the present study for all the prepared samples.
The larger value of lattice parameter indicates that the films are in a state of uniform compressive strain with strain component parallel to the axis. The residual stress of the films is calculated from the value of lattice parameter of the films using the expression [17] = 2
where is the crystallite plane spacing of the films, and 0 = 2.6033Å is the standard plane spacing from x-ray diffraction. The values of the elastic constant from single crystalline ZnO, 11 = 208.8 GPa, 33 = 213.8 GPa, 12 = 119.7 GPa and 13 = 104.2 GPa, are substituted in Eq. (2). The calculated residual stresses of the films are listed in Table 1 . From Table 1 , it can be seen that all the samples have a negative residual stress which indicates a compressive stress in the films. The residual stress of the films increases with increasing vanadium concentration. This is due to the incorporation of vanadium in ZnO. From Fig. 2 , we find that the full-width at halfmaximum (FWHM) of the (002) peak for vanadium concentrations of 0, 0.5, 0.9, 1.3, 1.7, 2.1 mol%, increases with increasing vanadium concentration. We use the Debye-Scherrer formula [18] = 0.9 cos ,
where is the x-ray wavelength, is the Bragg diffraction angle and is the FWHM after correction for the instrument broadening. By fitting the measured x-ray diffraction data, the average crystallite size of the films has been calculated from the (002) peak. The calculated grain sizes are also listed in Table 1 . The table reveals that the grain sizes decrease with increasing vanadium concentration. This may due to the fact that V ions could disturb the ZnO crystal lattice and influence the crystal growth. The phenomena are consistent with the results of Teng et al. [19] 077801-2 The surface topography and cross-section morphology of the deposited ZnO:V films with various concentrations were examined by the SEM in Fig. 3 . It can be seen that the average of particle size along the surface and the roughness of the films decrease with the raising of vanadium concentration, and the films have a normal columnar structure as observed from the cross section. From the side view of the cross section image, the films grow with perfect pillar-like crystal structure, which can also confirm that the film has a strong preferred orientation with the -axis perpendicular to the substrate. [20, 21] The calculated refractive indices of all the ZnO:V thin films are shown in Fig. 5(a) . The refractive index increases with the increase of vanadium concentration. This means that the film density increases with vanadium concentration, leading to the increase of the refractive index. 
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The observed variation of refractive index with vanadium concentration for ZnO:V thin films can be explained on the basis of the contribution from both packing density and lattice contraction. [22] The relation of the refractive index to packing density and lattice parameter can be expressed by [22] 
where is the refractive index of the film, is the refractive index of single crystal, and is the index of the voids in the film (equal to one for air). The first and second terms in Eq. (4) represent the contribution to the refractive index from the packing density and to the changes of lattice constant . According to Eq. (4), the refractive index of the films would increase or decrease, which depends on which it is of these two effects. In the present study, the value of is greater than 0 for all the samples and is greater than 1, therefore both the terms in Eq. (4) are positive. An increase of packing density with V content was observed and may be related to the increase of disorder and decrease of grain size with V concentration. Figure 5 (b) shows the extinction coefficient of the films with various vanadium concentrations. The extinction coefficient of the films decreases with the increase of doping concentration, in the wavelength range 600-2500 nm. However, for the concentration of 2.1 mol%, the extinction coefficient of this film increases strongly in the wavelength range 400-600 nm. This may be attributed to the V doping effect. To obtain the band gap , we use the relationship of the function for optical absorption and photo energy. The optical absorption coefficient of a direct band gap semiconductor near the band edge, for photon energy ℎ greater than the band gap energy , is given by [23, 24] 
where is a function of the refractive index of the material, reduced mass and speed of light.
is the transmittance of the thin film, the reflectance and the thickness of the film obtained from the simulation. Since the reflectivity is negligible and insignificant near the absorption edge, here ( ℎ ) 2 is a function of the energy of incident radiation. The energy band gap can be evaluated by extrapolating the linear part of the curve with the energy axis. The optical energy band gap of the films is found to increase from 3.21 to 3.35 eV with increasing doping concentration as shown in Fig. 6 . These relatively high shifts may be due to grain size and the presence of impurities.
In summary, we have grown ZnO:V films with various V-doping concentrations (0, 0.5, 0.9, 1.3, 1.7, 2.1 mol%) on glass substrates using the dc reactive magnetron sputtering technique, and discussed the effect of various vanadium concentrations on the structure, morphology and optical properties of ZnO:V films in detail. From the XRD patterns of ZnO:V films, the samples have a preferential -axis orientation, and the grain size along the (001) direction decreases as the vanadium concentration increases. The SEM images show the surface topography and crosssection morphology of the deposited ZnO:V films, which indicates that the films have good crystallinity and texture. The transmittance spectra of all the films show good optical quality. Refractive indices and extinction coefficients of the films are obtained by fitting from the transmittance spectra using the Drude model and the OJL model.
